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Abstract 
Two degrees of freedom vehicle dynamic model is established. Based on theories of PID control and fuzzy logic control, 
controller of vehicle stability is designed by using the method of direct yaw moment control and the different control strategies. 
By comparing and analyzing control effect of PID control and fuzzy logic control, the result shows as follows: slip angle and yaw 
rate combined control is better than slip angle and yaw rate controlled individually by comparing control effect; fuzzy logic 
control have a better robustness and PID control is simple and practical by analyzing control theories. Different control methods 
can be used in the same control systems according to the need of practical application. The result can improve and enhance 
passenger car maneuverability and stability control and also can give some reference in a way. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Department of Transportation Engineering, Beijing Institute of Technology. 
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1. Introduction 
Vehicle Stability Control (VSC) is developed during the 90’s. It’s a new active safety control system with a better 
maneuverability and stability by regulating and matching tire longitudinal force when vehicle is steering or under the 
lateral force. For tire nonlinear characteristic, main methods of vehicle maneuverability and stability control are 
developed from four-wheel steering control (4WS) initial to direct yaw moment control and active front steering 
control (AFS). In particular, DYC has become a more effective method in vehicle maneuverability and stability 
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control. According to the difference control strategies, yaw rate, slip angle, lateral acceleration tire slip ratio and 
combination of them are used as control variables [1]. The application of control theories is developed from PID 
control, optimal control and adaptive control to variable-structure control system with sliding mode, fuzzy logic 
control and artificial neural network control and so on. 
Two degrees of freedom (2 DOF) vehicle dynamic model is established. Slip angle and yaw rate are used as 
control variables based on control method of DYC by using control theories of PID and fuzzy logic control. The 
characteristics and effect of different control theory and control strategy are compared and analyzed by simulation. 
2. Establishment of Vehicle Model 
Control system is designed based on two degrees of freedom liner vehicle model [2,3]. Vehicle movement 
differential equations are given as follows: 
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Where, M is mass of vehicle, V is vehicle velocity, Yf is lateral force of front tire, Yr is the lateral force of rear 
tire, ȕ is side slip angle, r is yaw rate, I is inertia of vehicle around the vertical axis moments, lf and lr are the 
distance between the center of mass with front axle and rear axle. 
Equations about lateral force of tire are given as follows:  
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Transfer functional equations of two degrees of freedom liner vehicle model are given though Laplace 
transformation shown as Equ. (1). 
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Raw rate of two degrees of freedom liner vehicle model can be used as vehicle nominal yaw rate, as shown in 
Equ. (4). 
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Vehicle ideal raw rate must be restricted by road adhesion coefficient and satisfied the constraints as followed on 
the condition of lateral force in tire adhesion limitation. 
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ya gP« » d ¬ ¼   (5) 
When slip angle is very small, lateral acceleration can be expressed as follows: 
ya r V|    (6) 
Vehicle ideal yaw rate must be satisfied the following equation. 
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Nominal yaw rate is shown as Equ. (8). 
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Slip angle of two degrees of freedom liner vehicle model can be used as vehicle nominal slip angle, as shown in 
Equ. (9). 
 
2
2
22 2
12 2
12
f
f r r f f r r r
N
f r f f r r
lm VK K ll mV K l l l K l
lAVK K l mV l K l K
E G G


   
 
 (9) 
Considering the restriction between tire and maximum road adhesion coefficient, slip angle is expressed in Equ. 
(10). 
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The following equation can be derived from Equ. (10). 
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Nominal slip angle should be the minimum absolute value between ȕN and ȕNmax. 
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    (12) 
The design of control system is based on two degrees of freedom liner vehicle model. As it is based on different 
control algorithms applying yaw moment to vehicle, two degrees of freedom liner vehicle model is corrected as 
follows. 
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Where, Mz is additional yaw moment 
3. Design of Control System 
3.1. PID control of yaw rate 
Feedback control of yaw rate is shown in Fig. 1. Yaw rate sensor is used to transit the difference between vehicle 
yaw rate and nominal yaw rate to controller [4,5]. 
When input variables changed, yaw moment will be adjusted by controller. Then brake force is distributed to 
every wheel. Increasing PID control algorithm is used and its equations are given as follows: 
i Ne J J    (14) 
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Fig. 1. Feedback control of yaw rate 
3.2. PID control of slip angle 
Feedback control of slip angle is shown in Fig. 2. Slip angle is used as control variable in most vehicle stability 
control systems. The difference between ideal slip angle and the actual one is used as input to controller.  
ȕȕe Ni    (16) 
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Fig. 2. Feedback control of slip angle 
3.3. Fuzzy logic control 
Result of double road train turns left on first class highway intersection simulation is shown in Fig. 8. 
Feedback control of fuzzy logic is shown in Fig. 3.The error e and its rate ec of difference between yaw rate Ȗ and 
nominal yaw rate ȖN are used as input variable of fuzzy logic controller, output variable is yaw adjusted moment 
ǻM [6]. 
The error e and its rate ec of difference between ideal slip angle and the actual one are used as input variable of 
fuzzy logic controller, output variable is yaw adjusted moment ǻM, as shown in Fig.4 (Zhu, 2005). 
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According to the need of fuzzy logic controller design, quantificational field of fuzzy variables EǃEC and U is 
defined as follows [4]. 
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Fig. 3. Fuzzy logic control of yaw rate
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Fig. 4. Fuzzy logic control of slip angle 
The fuzzy sets of E and EC are defined as {NB, NM, NS, ZE, PS, PM, PB}. 
The fuzzy set of U is defined as {ZE, PS, PM, PB}. 
Universes of them are defined as: E and EC [-0.1, -0.8, -0.6, -0.4, -0.2, 0, 0.2, 0.4, 0.6, 0.8, 1]; U [0, 0.1, 0.2, 0.3, 
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1]; E and EC [-0.1, -0.8, -0.6, -0.4, -0.2, 0, 0.2, 0.4ˈ0.6, 0.8, 1]; U [0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9, 1]. 
In order to make universe of variable error e, error rate ec and control variable u to correspond the standardization, 
quantization factor and scale factor are defined as follows. 
The quantization factor of variable error is defined as Ke=e-1. 
The quantization factor of the error rate is defined as Kec=ec-1. 
The scale factor of control variable is defined as Ku=u-1. 
Triangular membership functions are adopted to input linguistic variable and output linguistic variable, which 
operates simply with a better effect of simulation and a higher precision, as shown from Fig. 5 to Fig.7. 
 
 
Fig. 5. Membership function of error E 
The rules of fuzzy logic control can be expressed by conditional statement of “if…then…”, which represent 
decision result derived from many change premises. 
In general, fuzzy logic control form is used to express those rules, as shown in table 1. 
Two inputs have seven fuzzy linguistic variables separately, so there are 49 rules in total as follows.     
Rule 1˖if R is NR and RC is NR then U is PR˖ 
Rule 2˖if E is NB and EC is NM then U is PB 
…… 
Rule 49˖if E is PB and EC is PB then U is PB˗ 
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Fig. 6. Membership function of error rate EC 
 
Fig. 7. Membership function of control variable 
Table 1  Rules of fuzzy control
 
NB NM NS ZE PS PM PB 
NB PB PB PB PB PB PB PB 
NM PB PB PM PM PM PB PB 
NS PB PM PM PM PM PM PB 
ZE PM PM PS ZE PS PM PM 
PS PB PM PM PM PM PM PB 
PM PB PB PM PM PM PB PB 
PB PB PB PB PB PB PB PB 
 
Where, NB is Negative Big; NM is Negative Medium; NS is Negative Small; ZE is Almost Zero; PS is Positive 
Small; PM is Positive Medium; PB is Positive Big. 
Method of “Mamdani” is used for fuzzy logic control, and “max-min” is used for fuzzy reasoning, bisector of 
area is used for defuzzification method. Fuzzy control toolbox in Matlab is used for fuzzy logic controller. Input and 
out input surface of fuzzy controller is showed in Fig. 8. 
 
 
Fig. 8. Input and output surface of fuzzy controller 
EC U 
E 
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3.4. Combined control 
In general, PID control can’t get the ideal control effect for interfered by the method of control parameter 
adjustment. Control variable of yaw rate in PID control should be adjusted in fuzzy logic controller. In practice, slip 
angle is estimated and yaw rate can be measured by the sensor. So the error of yaw rate can be used for PID 
controller input parameter, error of slip angle can be used for fuzzy logic controller input parameter. The system 
structure of combined fuzzy PID control is showed in Fig. 9. 
Increasing PID control algorithm is used for PI control [5]. 
   ieKieǻKMǻ IPȕ     (18) 
PID control parameters KP and KI are adjusted by fuzzy controller real-time. 
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Fig. 9. Combined control 
3.5. Threshold control 
Based on the algorithm of yaw rate PID control and slip angle fuzzy control, combined PID fuzzy logic controller 
is established about yaw rate and slip angle, as shown in Fig.10. The controller doesn’t affect their independence but 
only increases control of the threshold rules. When vehicle need to brake, controller control slip angle to satisfy 
constraints and control vehicle’s driving by yaw rate PID controller. When slip angle doesn’t satisfy constraints, it is 
necessary to control vehicle’s driving by slip angle fuzzy logic controller. All above is based on steady tolerance. 
4. Simulation Analysis 
Medium vehicle is selected as simulation test vehicle. Vehicle speed of 70 km / h and the steering wheel angle of 
70 deg in the angle step input are set. The solid line of simulation curves is original with no control, the dashed line 
is obtained by control. 
4.1. PID control 
PID control simulation of yaw rate and slip angle is shown in Fig. 11 and the comparison of response index is 
shown in table 2. 
 
Fig. 10. Combined control Threshold control 
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Fig. 11. PID control simulation 
Table 2  Response index of PID control
 
Yaw Rate Slip Angle 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
No Control 0.122 0.134 9.91 0.0336 0.0340 1.07 
PID Control 0.110 0.113 2.46 0.0294 0.0287 2.52 
 
Yaw rate steady value of PID control decreases 10.07%, overshoot decreases obviously. Step time also decreases 
obviously, the reaction speed increases obviously. Slip angle steady value of PID control decreases 12.52%, 
overshoot increases slightly. Step time increases obviously, the reaction speed decreases obviously. 
4.2. Fuzzy logic control 
Result of double road train turns right on second class highway intersection simulation is shown in Fig. 12. 
Fuzzy logic control simulation of yaw rate and slip angle is shown in Fig. 12 and the comparison of response 
index is shown in table 3. 
Yaw rate steady value of fuzzy logic control decreases 14.50%, overshoot increases obviously. Response time 
decreases obviously, response speed increases obviously. Yaw angle velocity of vehicle steady value of fuzzy logic 
control decreases 14.75%, overshoot increases slightly. Response step time increases slightly, response speed 
increases obviously. 
4.3. Combined simulation 
Result of double road train turn around on second class highway intersection simulation is shown in Fig. 13. 
shown in Fig. 13 and the comparison of response index is shown in table 4. 
 
0 1 2 3 4 5 6
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
Time (s)
r 
(r
ad
)
Steering Wheel Angle Step Input
0 1 2 3 4 5 6
-0.035
-0.03
-0.025
-0.02
-0.015
-0.01
-0.005
0
0.005
Time (s)
E 
(r
ad
)
Steering Wheel Angle Step Input
 
Fig. 12. Fuzzy logic control simulation 
242   Hui-min Li et al. /  Procedia Engineering  137 ( 2016 )  234 – 243 
Table 3  Response index of fuzzy logic control 
 Yaw Rate Slip Angle 
 Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
No Control 0.122 0.134 9.91 0.0336 0.0340 1.07 
Fuzzy Logic 
Control 0.104 0.0.107 2.20 0.0287 0.0295 2.72 
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Fig. 13. Combined control simulation 
Table 4  Response index of combined control 
 
Yaw Rate Slip Angle 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
No Control 0.122 0.134 9.91 0.0336 0.0340 1.07 
Fuzzy Logic 
Control 0.101 0.101 0 0.0279 0.0279 0 
Yaw rate steady value decreases 17.04% in combined control, overshoot increases obviously. Response time 
decreases obviously, response speed increases obviously. Slip angle steady value of fuzzy logic control in combined 
control decreases 17.07%, overshoot decreases obviously. Response time increases slightly, response speed 
decreases slightly. 
4.4. Threshold control 
Threshold control of PID control and fuzzy logic control simulation of yaw rate and slip angle is shown in Fig. 14 
and the comparison of response index is shown in table 5. 
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Fig. 14. Threshold control simulation 
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Table 5  Response index of threshold control 
 
Yaw Rate Slip Angle 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
Steady State Value 
(rad/s) Max (rad/s) Overshoot (%) 
No Control 0.122 0.134 9.91 0.0336 0.0340 1.07 
Fuzzy Logic 
Control 0.0988 0.103 4.66 0.0287 0.0293 2.27 
Yaw rate steady value of PID control in logic threshold decreases 19.08%, overshoot decreases slightly. Response 
time decreases obviously, response speed increases obviously. 
Slip angle steady value of fuzzy logic in logic threshold decreases 14.75%, overshoot increases slightly. Response 
time increases obviously, response speed decreases obviously. 
5. Conclusion 
Conclusions can be drawn from steering wheel angle step input simulation, there are no control theory and control 
strategy which can run all the conditions of the vehicle and achieve a good effect. But for general operation 
condition, it is necessary to study a more effective theoretical method and control strategy. For example, when the 
vehicle is skidding and instability, it’s necessary to impose yaw moment control. It can control the size of slip angle 
and yaw rate effectively. In this situation, lateral acceleration will not exceed the limit of later surface attachment. If 
fully meet the above conditions, the control is better; basically satisfied, the control effect is in general; not satisfied, 
the control is less effective. 
Slip angle is relative large when the vehicle is in the middle and high velocity, vehicle shows mainly dynamic 
characteristics. The main purpose of control is for stability, so yaw rate control can achieve a better control 
preference. With the increasing of angle, the result will become bad when control separately yaw rate. In the high 
adhesion coefficient road, combined control can control slip angle and yaw rate efficiently and satisfy the dynamic 
characteristic. 
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